The three dimensional x-ray diffraction (3DXRD) concept is shortly described and new experimental updates are highlighted. The potentials and limitation of the 3DXRD method are compared to those of other 3D methods. 3DXRD has been used for in-situ studies of recrystallization and new migration rate results are presented. Migration mechanism for boundary segments surrounding a recrystallizing grain are described and discussed.
Introduction
Characterization of materials microstructures is a key element when the aim is to understand materials processing and properties. ''Quantum leaps'' in the understanding of the fundamentals of microstructure evolution have generally followed the development of new major characterization techniques. The best example of this is electron microscopy which still by far is the most powerful microstructural characterization technique material scientists have at hand. A limitation of electron microscopy is however the penetration power of the electrons which limits the technique to 2 (or 2.5) D characterization. This also means that for bulk microstructures, electron microscopy can be used only for static characterizations at discrete processing intervals (i.e. post mortem analysis) and not for in-situ characterization of the dynamics of the 3D microstructural development.
3D X-ray diffraction (3DXRD) microscopy offers the possibility of time resolved three dimensional mapping of microstructures to the micrometer scale. [1] [2] [3] [4] In the measuring and reconstructing 3D images by 3DXRD, some principles inspired by tomography measurements are used. The two methods, 3DXRD and tomography, are, however, quite different and can often be used to complement each other. This shall be described and discussed in this review paper. 3DXRD has been used for studies of a range of scientific themes most of which are shown schematically in Fig. 1 . Of special interest for the authors of this paper have been in-situ 3DXRD studies of recrystallization of deformed metals. Here we will present a new analysis of growth rates determined from an investigation filming a grain growing inside a deformed aluminum single crystal.
3) These new results as well as earlier results give input for understanding of boundary migration which shall be discussed.
3DXRD
The 3DXRD concept is based on measuring local crystallographic orientations and thereby generating a map of the microstructure. To ensure high penetration depth e.g. 5 mm in steel and 4 cm in Al, high energy (50-100 keV) Xrays are used. A sketch and a photo of the set-up is shown in Fig. 2 . The beam is penetrating the entire sample so with one setting of the sample, diffraction occurs from all cells/ subgrains/grains etc. inside the illuminated gauge volume which fulfill the Bragg condition. The diffracted signals are recorded on one or more 2D detectors behind the sample (see Fig. 2 ). To probe the complete sample structure within the gauge volume, the sample is rotated ! around an axis perpendicular to the incoming beam. At present the mapping precision is about 5 mm Â 5 mm Â 1 mm, while microstructural elements down to 70 nm can be detected provided that they have a sufficient crystallographic orientation difference to avoid overlap with major diffraction spots on the detector. The angular resolution is 0.05 degrees.
The aim of 3DXRD is not only to get 3D orientation resolved pictures of the microstructure but to be able to do the measurements so fast that kinetics can be followed in-situ. Our first concept for the 3DXRD microscope was based on a cross beam technique where slits defined the incoming and recorded diffracted signals. Each measurement thus gave information about a small 3D defined gauge volume inside the sample. To get a picture of the whole sample, the sample should be translated relative to the beams. This method is simple but slow-generally too slow to be used for in-situ measurements. Thus presently the 3DXRD concept relies on recording the whole sample thickness in one go. This means that typically many more cells/subgrains/grains etc. contribute to the diffracted signals recorded by the detectors and lots of diffraction spots are thus observed. By using advanced in-house developed software the diffraction spots can be identified and each diffracting grain indexed (i.e. its crystallographic orientation is calculated). To get a 3D map of the grains with their exact shapes, tomography principles are used. This is possible because also in diffraction, the recorded signal for a selected grain gives a footprint of the shape of the grain. By combining several (typically more than 10) footprints of the grain its 3D shape is determined. This reconstruction method is thus very similar to that of tomography, only it is more complicated as diffraction spots of course only occurs at a limited number of diffraction angles (given by the orientation of the grain) whereas absorption based tomography gives a footprint image for each ! position.
The 3DXRD methodology can at present be tailored to provide dynamic data on a hierarchy of levels. The simplest approach is to measure the diffracted intensity from selected, structural elements as function of time; this provides the volume kinetics of individual elements with a time resolution of seconds or even subseconds. On the highest level, full shape change information can be acquired by repeating the acquisition of microstructure maps.
Sample auxiliaries include a series of furnaces, which operates up to 1500 C, and a 25 kN Instron tensile machine. For further information on the 3DXRD method, the best reference is Ref.
2).
Traditionally, grain maps have been reconstructed from data collected on a high resolution detector positioned close to the sample (near field detector). By introducing a second near field detector positioned slightly further away from the sample the quality of the grain maps are improved. This is especially the case for deformed samples where the diffracted rays diverge. By having intensity distributions at two distances the ability to determine the correct divergence is enhanced considerably. Such a detector is currently under construction at Risø-DTU and is expected to be commissioned at beamline ID-11 in spring 2009.
Comparison with Other 3D Methods
The classical way to obtain 3D data from opaque samples is by serial sectioning. Recently, this classic method has been revived to ease the required hard manual work. Prominent among the new automated methods are focused ion beaming in dual beam scanning electron microscopes. An overview of these new methods is given in a Scripta Materialia viewpoint set. 5) Although much improved the new serial sectioning methods can by nature only provide 3D data by destroying the sample and thus in-situ kinetics studies are impossible. For kinetics studies, x-rays-in particular x-rays from synchrotron sources, are ideal to use. Broadly speaking 2 classes of x-ray methods exist for mapping materials microstructures-imaging by tomography methods and diffraction to give crystallographic orientation contrast (e.g. 3DXRD).
In this paper focus is on 3DXRD. Besides the 3DXRD facility at ESRF other equipments exist elsewhere. At the Advanced Photon Source (APS) at Argonne National Laboratory a 3DXRD instrument optimized for high angular resolution is in operation e.g. Ref. 6) .
Another instrument called a three-dimensional crystal microscope is also in operation at the APS. 7, 8) This instrument is, however, significantly different from the 3DXRD microscope: it operates at lower X-ray energies; applies polychromatic microbeams; and performs scanning to get three-dimensional information. This means that the APS three-dimensional crystal microscope has better spatial resolution but shorter penetration depths and much worse time resolution than the 3DXRD microscope at ESRF.
At HASYLAB in Hamburg, Bunge and coworkers [9] [10] [11] have developed a 'sweeping detector' technique that allows spatially resolved measurements of textures of materials with high orientation resolution. This technique is unique for textural information but does not at present allow threedimensional mapping of microstructures. A very interesting possibility is to combine 3DXRD with tomography. A dream experiment could be to measure local strains by recording movements of particles by high resolution tomography 12) and local changes in crystallographic orientations by 3DXRD. It would thus be possible to 
Growth of Grains During Recrystallization
3DXRD is an ideal technique to follow growth in-situ during recrystallization. Several papers have been published on the recrystallization kinetics of individual grains e.g. Ref. 13 ) and one paper has been published on directly filming the growth of a single grain during its growth.
3) The following analysis is based on this latter result. So first a short resume of the experiment shall be given.
The idea of the experiment was to study growth in-situ in a slightly deformed single crystal in which nucleation was artificially stimulated by a surface hardness indents. This is the same experiment Beck and others did in the 1950-60'ies [14] [15] [16] [17] but whereas experimental limitations only allowed Beck and others to look at static pictures (post mortem) of the microstructure after growth, 3DXRD allows direct filming of the growth. The single crystal in the 3DXRD experiment was Al of the f110gh001i orientation cold-rolled to 42% reduction in thickness.
3) The rolling introduces a fairly homogeneous deformation microstructure with a maximum of about 7 misorientation across deformation induced dislocation boundaries. The growth of a f21 4 4gh 2 20 1 1i oriented grain in this matrix has been filmed by 3DXRD. A storyboard is shown in Fig. 3 . The main phenomena observed from the film are:
(1) The boundary migration does generally not occur at a constant rate (2) Facets may form (3) Local protrusions are often seen Phenomenon 1 above has in the present work been analyzed in detail with the aim of determining growth rates versus time curves along different directions for the growing grain. For this purpose specific 2D sections within the 3D grain (see Fig. 4 ) are selected and the size of the grain along the macroscopic axis RD, TD and ND as well as along the crystallographic directions 100, 010 and 011 are measured. It is important to notice that when doing these measurements, it is the motion of one specific grain boundary segment which is analyzed when measuring along one direction (e.g. RD). A neighboring boundary segment may well have a quite different motion profile. Similarly for measurements along TD ND etc. The results of the measurements along RD TD and ND are shown in Fig. 5 . The figure clearly reveals that migrations of the grain boundaries generally do not occur smoothly at a constant rate, instead a given boundary segment may be immobile for a while, and then moves forward rapidly for tens of micrometers, stop, migrate again etc. On average, however, growth along RD is faster with an average rate of 23.4 mm/h at 280 C whereas growth along TD and ND is slower on an average at 4.8 and 4.9 mm/h at 280 C. For growth along TD the rate increases from 4.8 mm/h at 280 C to 10.9 mm/h at 290 C. These two values can be used to calculate the activation energy Q
Where R is the gas constant. Q ¼ 212 kJ/mol is the result. Considering the magnitude of the steps on the growth curves (see Fig. 5 ), this value is surprisingly close to literature values of 172-217 kJ/mol. 18, 19) As the deformed matrix is fairly homogeneous neither large changes in misorientation between the growing grain and the matrix or big changes in driving force can be the reason for the observed stop-go type boundary migration. This result is substantiated by very recent EBSP observations of deformed Ni. 20) Impurities could be of importance and so could the plane of the grain boundary. One may, however, also speculate that the boundary migration process during recrystallization may be a quite complex process involving local incorporation of dislocations and dislocation walls into the moving boundary segment. This could well include local reorientations of the microstructure in front of the boundary as observed earlier by TEM. 21, 22) This may require time to occur and thus boundary migration may occur in steps. Altogether a much more complex process than single atom diffusion across a boundary (whereby the boundary moves) which is generally considered for grain growth and for simplicity often adapted to recrystallization.
Phenomenon 2 above-facets-has been analyzed using a method suggested by Rowenhorst et al. 23) for 3D crystallographic and morphological analysis of coarse martensite. The method has shown also to be useful for analysis of the in-situ 3DXRD data of recrystallizing grains. 24) For the investigated grain, 7 facets have been identified, which can be seen in Fig. 6 . Some of these facets are artefacts given by the selected limits of the sampled gauge volume in the 3DXRD measurements and the sample surface. Only migration of facet #1 can be analyzed further here. This facet exists and extends in size as the grain is growing. Facet #1 shows up around scan 20 and remains until scan 64 after which facet #2 (see Fig. 4 ) takes over (moving faster) and parts of facet #1 seem to reorient into facet #2. However, during the scans 20-64 the displacement perpendicular to the facet plane can be determined. The result is shown in Fig. 7 . It can be seen that during the low temperature anneal the facet hardly moves, but after the temperature is increased to 290
C it moves at a fairly constant rate of about 12 mm/h. This is comparable to the average migration rate of a ''normal'' grain boundary segment along TD. It is, however, remarkable, that the ''normal'' grain boundary segment migrates in steps (see Fig. 5 ) whereas the facet moves much more homogeneously. A reason for this difference could relate to the fact that the facet represents a well-ordered grain boundary, Fig. 7 The total displacement of facet #1 (see Fig. 6 ) along the facet normal as a function of annealing time (here expressed as scan number). 24) 1658 D. Juul Jensen and S. Schmidt which maintains its grain boundary plane over a large grain area, whereas the ''normal'' grain boundary wobbles and thus changes its character all the time. The crystallography of the facet can also be deducted from the present data as both the orientation of the recrystallizing grain and the average orientation of the deformed single crystal are known. For facet #1 it is found that it is close to a (100) plane in the recrystallizing grain whereas no simple crystallographic relationship to the deformed matrix is apparent.
Phenomenon 3 above-protrusions-are often observed. Protrusions are small segments on the boundary, which have moved further forward than the neighboring parts of the boundary. Also depressions, boundary segments being held back locally for a certain time, are seen. A likely explanation for development of protrusions/depressions is local variations in the driving force (i.e. stored energy) in the deformed matrix in front of the boundary surrounding the recrystallizing grain.
Three modeling approaches have been suggested to simulate boundary migration with small scale local variations in driving force. [25] [26] [27] [28] A driving force simply varying sinodally has been applied to a flat boundary leading to evolution of protrusions on the migrating boundary. 25 ) Also a phase field approach has been used to simulate boundary migration during recrystallization. 26) A series of typical dislocation networks are assumed and in some of the cases clear protrutions are observed. It is, however, also found that protrusions sometimes shrink back if the driving force is locally exhausted at the interphase. 26) More atomistic insight can be obtained by MD simulations. A first series of such MD simulations has been carried out for a system with a regular arrangement of dislocations in linear dislocation walls perpendicular to a high angle boundary surrounding a recrystallizing grain using different potentials. 27, 28) Also in these simulations it is observed that protrusions can develop locally. A second series of MD simulations reveal that the actual dislocation arrangement and type have a strong effect on weather protrusions develop or not. 28) 
Conclusions
3DXRD has proven to be a powerful tool in many fields of Materials Science. It allows measurements of microstructural processes which before could only be analyzed theoretically and it has shown that well accepted knowledge in several cases cannot explain the experimental observations. Boundary migration during recrystallization has been filmed. Three characteristics are observed namely that the migration generally not occur at a constant rate but in steps, facets may form and local protrusions/depressions are often seen. The local deformation structure in front of the migrating boundary is very important here and it is speculated that local rearrangements in certain cases may occur in order to facilitate the movement of the boundary.
